Abstract Efficacy of the insecticides spinosad and methoprene, applied alone or in combination to wheat, was evaluated against six stored-product insect species, Rhyzopertha dominica, Sitophilus oryzae, S. granarius, Cryptolestes ferrugineus, Oryzaephilus surinamensis, and Liposcelis bostrychophila. The concentrations of the insecticides were 0.1 and 0.5 ppm for spinosad and 1 and 5 ppm for methoprene. Parental mortality of R. dominica was 100% on wheat treated with either rate of spinosad, with no progeny production in any combination treatment. Parental mortality of S. oryzae did not exceed 62%, and progeny production was not reduced by any insecticide treatment. All S. granarius adults exposed on wheat treated with spinosad alone at 0.5 ppm were killed, but parental mortality was reduced when methoprene was added. Progeny production was reduced in treatments containing spinosad. Mortality of adult C. ferrugineus was 97% or greater in treatments containing spinosad, but adult mortality of O. surinamensis and L. bostrychophila was not reduced by insecticide treatments. The specific combinations of spinosad and methoprene evaluated in our study would have no benefit over spinosad used alone for control of any of the six species tested.
Introduction
The lesser grain borer, Rhyzopertha dominica (L.) (Coleoptera: Bostrychidae), is the major pest of wheat in most of the world, and it has developed resistance to some of the insecticides used for its control (Arthur 1996 (Arthur , 2004 Daglish 2008) . The bacterial insecticide spinosad provides complete control of this species, but does not control some of the other insect pests of wheat (Daglish 2008) . Thus, combination treatments of insecticides that include spinosad and would control other insect pests of stored wheat would be desirable. Methoprene, an insect growth regulator (IGR), is not always effective for control of R. dominica, but it is effective for control of some of the other pests of stored wheat because it can completely suppress progeny production in externally feeding pests such as the rusty grain beetle, Cryptolestes ferrugineus (Stephens) (Coleoptera: Laemophloeidae) (Daglish 2008) , and the sawtoothed grain beetle, Oryzaephilus surinamensis (L.) (Coleoptera: Silvanidae). Nevertheless, methoprene is ineffective against the rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae) (Daglish 2008) .
Spinosad has been evaluated against the major insect pests of stored grains (Subramanyam et al. 2007; Athanassiou et al. 2008a, b, c; Chintzoglou et al. 2008) . Although spinosad is registered in the USA at a label rate of 1 ppm on stored grains, it is not yet being marketed in the USA. This rate of 1 ppm will kill adults and limit progeny production of several major stored-grain insect pests, including R. dominica, Prostephanus truncatus (Horn) (Coleoptera: Bostrychidae), and S. oryzae (Fang et al. 2002a, b; Athanassiou et al. 2008a, b, c; Kavallieratos et al. 2010) . However, 1 ppm spinosad will not completely control red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), confused flour beetle, Tribolium confusum Jacquelin du Val, O. surinamensis, C. ferrugineus, or psocids such as Liposcelis bostrychophila (Badonnel) (Psocoptera: Liposcelididae), but will generally eliminate progeny production by these species (Fang et al. 2002a, b; Athanassiou et al., 2008b Athanassiou et al., , 2009 Daglish 2008) .
Insect growth regulators are used in many insect pest management programs for agricultural and urban entomology. Currently only the IGR methoprene is used as a grain protectant, with application rates ranging from 1 to 5 ppm (Arthur 2004; Daglish and Wallbank 2005) . Methoprene is a juvenile hormone analogue, which affects development of immature insects, can have ovicidal effects, and also can cause sub-lethal effects such as reduced adult fecundity in insects exposed as immatures (Oberlander et al. 1997) or adults (Daglish and Pulvirenti 1997) . Several studies document effectiveness of methoprene against many stored-grain insect species, including R. dominica, C. ferrugineus, and O. surinamensis, but it does not control Sitophilus species (Nayak et al. 1998; Arthur 2004; Chanbang et al. 2007 Chanbang et al. , 2008 Daglish 2008) .
Stored grain insects can coexist within a storage bin, and hence a binary combination of insecticides may give more complete control than the application of a single insecticide, especially when mortality from the individual components is not complete or progeny production occurs even when parental adults are killed, as has been shown with spinosad on different grains (Fang et al. 2002a; Athanassiou et al. 2008c; Chintzoglou et al. 2008) . Conversely, methoprene affects progeny production, but generally adults are not affected (Arthur 2004; Daglish 2008) . Hence, a combination of these insecticides may be more effective than the application of each insecticide alone, and may also allow for a reduction in insecticide concentration of the respective components. Daglish (2008) examined binary combinations of several insecticides, including spinosad and methoprene applied at 1 and 0.6 ppm, respectively, alone and in combination. Also, Nayak and Daglish (2007) noted that a combined treatment of spinosad and chlorpyriphos-methyl controlled adults and suppressed progeny production of four species of the genus Liposcelis. The objective of our study was to evaluate binary combinations of spinosad and methoprene, using lower rates of spinosad (0.1 and 0.5 ppm) in combination with 1 and 5 ppm methoprene, which are the upper and lower label rates for methoprene in the USA. We used these lower rates of spinosad to determine if even small amounts of spinosad combined with methoprene would improve the control of different stored grain species, including those species that are not controlled by either methoprene or spinosad. We used lower rates of spinosad, rather than methoprene, because the anticipated cost of spinosad in the U.S. is expected to exceed that of methoprene. Test insect species were three primary internally feeding pests: R. dominica, S. oryzae, and Sitophilus granarius (L.), and three secondary externally feeding pests: C. ferrugineus, O. surinamensis, and L. bostrychophila.
Materials and methods

Commodities and formulations
The wheat used in the experiment was untreated, clean, and a mixture of the soft wheat varieties Fuller and Santa Fe, with moisture content adjusted to 13.5% (by adding water) before the test. 
Insects
Rhyzopertha dominica, S. oryzae, and S. granarius were reared on whole wheat at 27.5°C and 75% r.h. Cryptolestes ferrugineus and O. surinamensis were reared on rolled oats with 5% brewer's yeast, at the same environmental conditions as above. Liposcelis bostrychophila was reared on a mixture of 97% cracked wheat kernels, 2% rice krispies, and 1% brewer's yeast at 30°C and 70% r.h. (Opit and Throne 2008) . Adults of all beetle species were mixed-sex and \4-weeks-old. In tests involving L. bostrychophila, which is almost exclusively parthenogenetic, only females \3-weeks-old were used, following procedures described by Opit and Throne (2008) . Briefly, adult psocid females were allowed to oviposit in 35-mm Petri dishes containing 1 g of diet, and then these females were removed to obtain progeny of known age. All insects were taken from cultures maintained in the Stored Product Insect Research Unit (SPIRU) at the Center for Grain and Animal Health Research (CGAHR), USDA-ARS, Manhattan, KS.
Bioassays
Individual replicate lots of 500 g of wheat were placed in 0.47-l cylindrical glass jars for the nine insecticide treatments: untreated controls sprayed only with distilled water, 0.1 ppm spinosad, 0.5 ppm spinosad, 1 ppm methoprene, 5 ppm methoprene, 0.1 ppm spinosad ? 1 ppm methoprene, 0.1 ppm spinosad ? 5 ppm methoprene, 0.5 ppm spinosad ? 1 ppm methoprene, and 0.5 ppm spinosad ? 5 ppm methoprene. We used a Badger 100 artist's airbrush (Badger Air-Brush Company, Franklin Park, IL, USA) to treat each lot of wheat with 0.35 ml of formulated solution. Before spraying, the wheat was spread into a monolayer, in order to maximize insecticide distribution. After each lot was treated, it was placed back in the jar, and the jar was shaken manually for 30 s to further improve equal distribution of the insecticide(s). From each jar, three 20-g samples were taken and placed in cylindrical plastic vials (3 cm in diameter, 8 cm in height). The vials had a plastic lid with a hole in the center covered with fine mesh, while the internal ''neck'' of the vials was covered by Fluon (Northern Products, Woonsocket, RI, USA). Ten adults of each species were placed in each vial, using separate vials for each species. Vials were placed in black plastic boxes with saturated solutions of NaCl to maintain 75% r.h. (Greenspan 1977; Opit and Throne 2008) , and boxes were placed in incubators set at 27.5°C and 75% r.h. After 14 days, vials were opened, adults were removed from the vials, mortality was recorded, and the adults were discarded. The vials were returned to the incubators at the same environmental conditions described above. Progeny production for L. bostrychophila and the beetle species was assessed after 45 and 65 days, respectively. Psocid nymphs and adults were counted separately. Few larvae of C. ferrugineus and O. surinamensis were found, so their number was added to the adult progeny counts. Only adults were counted for R. dominica and the Sitophilus spp. because immatures occur inside the wheat kernels. The entire procedure was replicated thrice by preparing new lots of treated wheat for each replicate, and exposing, counting, and recording data for adult mortality and progeny as described above.
Data analysis
The mortality and progeny production counts were analyzed separately for each species by using a one-way ANOVA to test for differences among treatments, with JMP software (Sall et al. 2001 ). For L. bostrychophila, adult and immature progeny (nymphs) data were analyzed separately. Means were separated by the Tukey-Kramer (HSD) test, at 0.05 probability (Sokal and Rohlf 1995) .
Results
Mortality
The presence of spinosad, alone or in combination with methoprene, resulted in complete mortality of R. dominica, even at the lowest concentration of spinosad (Table 1) , but mortality on wheat treated with methoprene alone did not differ from that on untreated wheat. Mortality of S. oryzae was greater on wheat treated with spinosad at 0.5 ppm, alone or in combination with methoprene, than in the other treatments, but did not exceed 62% (Table 2) . Mortality of S. granarius was 100% only in wheat treated with 0.5 ppm of spinosad alone (Table 3) .
Among the externally feeding pests, mortality was higher for C. ferrugineus than for the other species. For this species, mortality in treatments that included spinosad at 0.5 ppm was significantly higher than in the other treatments, and exceeded 97% (Table 4 ). For O. surinamensis, the application of the insecticides did not increase adult mortality in comparison with the control, and mortality did not exceed 33% (Table 5 ). For L. bostrychophila, significant differences were noted among treatments, but mortality did not exceed 22% (Table 6 ).
Progeny production For R. dominica, adult progeny emergence was significantly reduced in all of the treatments, in comparison with progeny emergence in the untreated wheat, and never exceeded 1.1 progeny (Table 1 ). In contrast, no differences were found in S. oryzae progeny production in the treated and the untreated wheat, regardless of insecticide or concentration (Table 2) . Progeny production was high and ranged between 154 and 221 adults/vial. However, Table 1 Mean mortality (% ± SE) and progeny production (adults/ vial ± SE) of R. dominica on wheat treated with two concentrations of spinosad and two concentrations of methoprene, applied alone or in combination
Treatment
Mortality Progeny Within each column, means followed by the same letter are not significantly different; in all cases df = 8, 72, Tukey-Kramer (HSD) test at P \ 0.05 J Pest Sci (2011) 84:61-67 63 significant differences were noted among treatments for S. granarius, but progeny production was not completely suppressed (Table 3) . For this species, adult emergence was significantly lower on wheat treated with 0.5 ppm of spinosad applied alone or in combination with 5 ppm of methoprene, in comparison with the other treatments. There were no C. ferrugineus progeny produced in treated wheat, but only 3.1 progeny were produced in untreated wheat (Table 4) . Similarly, O. surinamensis progeny production was low in both treated and untreated grains (Table 5) . For this reason, no statistical comparisons were carried out for C. ferrugineus and O. surinamensis progeny production because any conclusions would be biologically meaningless. With the exception of spinosad at 0.1 ppm, production of adult progeny of L. bostrychophila was reduced in comparison with the untreated wheat (Table 6 ). However, treatments did not reduce production of nymphs relative to that in untreated wheat.
Discussion
Spinosad applied at 0.1 and 0.5 ppm resulted in 100% mortality of parental R. dominica, and nearly eliminated progeny production. Addition of methoprene to the spinosad resulted in no progeny. A number of recent studies document susceptibility of R. dominica at application rates of 1 ppm spinosad or lower (Athanassiou et al. 2008a, b, c) . Chanbang et al. (2007) showed that methoprene suppressed progeny production. If R. dominica is the sole species present in a grain storage facility and spinosad is available for use on the stored grain, there appears to be little advantage in using a combination of spinosad and methoprene.
Methoprene generally does not affect progeny production of Sitophilus species because females oviposit into the kernel, and immatures are protected from any insecticide residues that are outside the kernel (Edwards and Short 1984; Within each column, means followed by the same letter are not significantly different; in all cases df = 8, 72, Tukey-Kramer (HSD) test at P \ 0.05; where no letters exist, no significant differences were noted Within each column, means followed by the same letter are not significantly different; in all cases df = 8, 72, Tukey-Kramer (HSD) test at P \ 0.05 Table 4 Mean mortality (% ± SE) and progeny production (adults/ vial ± SE) of C. ferrugineus on wheat treated with two concentrations of spinosad and two concentrations of methoprene, applied alone or in combination Within each column, means followed by the same letter are not significantly different; in all cases df = 8, 72, Tukey-Kramer (HSD) test at P \ 0.05. Data for progeny production were not analyzed statistically because of low numbers of progeny produced in the controls Oberlander et al. 1997; Daglish 2008) . Hence, for a contact insecticide to be effective, it must kill Sitophilus adults before they mate or before females oviposit. In our test, parental survival of S. oryzae did not exceed 62% in any treatment with spinosad, and progeny production was not impacted by any insecticide treatment. However, even when parental mortality of S. granarius was 100%, as occurred at the rate of 0.5 ppm of spinosad applied alone, some progeny were still produced, suggesting delayed mortality of adults but no prevention of oviposition (Getchell and Subramanyam 2008) . Parental mortality was less in the combination treatments compared to spinosad alone, suggesting a possible detrimental effect of methoprene on the toxicity of spinosad to this species. Daglish (2008) reported parental mortality for S. oryzae of 30% when exposed to 1 ppm of spinosad compared to 17.3% mortality of 1 ppm spinosad ? 0.6 ppm methoprene. Although the rates of methoprene used in our study were higher than used by Daglish (2008) , this reduction in mortality in combination treatments would seem to indicate a potential issue with using methoprene if Sitophilus species are the target insect pests. Both C. ferrugineus and O. surinamensis are external feeders, so all life stages would be exposed to residues of any contact insecticides. The application rates of 0.1 and 0.5 ppm spinosad gave 83 and 100% mortality of C. ferrugineus at 0.1 and 0.5 ppm, respectively, on spinosad-treated maize (Huang and Subramanyam 2007) . In our study, we did not achieve 100% mortality of C. ferrugineus, but treatments containing 0.5 ppm spinosad had 97% or greater mortality. Although no progeny were produced in treated wheat, only 3.1 progeny were produced in untreated wheat so our results on progeny production are inconclusive. External feeders are often unable to develop on unbroken kernels. We cleaned our wheat before the experiments, which probably resulted in the poor progeny production by C. ferrugineus and O. surinamensis.
Oryzaephilus surinamensis is considered one of the most tolerant stored-product insect species to spinosad (Fang et al. 2002a; Nayak et al. 2005; Huang and Subramanyam 2007; Daglish 2008) . Huang and Subramanyam (2007) found that mortality of O. surinamensis adults in maize was 5 and 62%, at 0.1 and 0.5 ppm, respectively, while mortality reached 100% only at 2 ppm. Thus, higher spinosad doses are required for a satisfactory level of control of this species. Although progeny production was suppressed in some of the treatments containing methoprene in our study, results are again inconclusive because only 2.3 progeny Table 5 Mean mortality (% ± SE) and progeny production (adults/ vial ± SE) of O. surinamensis on wheat treated with two concentrations of spinosad and two concentrations of methoprene, applied alone or in combination Absence of letters in mortality indicates that no significant differences were noted. Data for progeny production were not analyzed statistically because of low numbers of progeny produced in the controls Table 6 Mean mortality (% ± SE) and progeny production (adults or nymphs/vial ± SE) of L. bostrychophila on wheat treated with two concentrations of spinosad and two concentrations of methoprene, applied alone or in combination Treatment Mortality Progeny (adults) Progeny (nymphs) Control 0.0 ± 0.0b 15.1 ± 2.3a 17.4 ± 2.5ab
Spinosad 0.1 ppm 1.1 ± 1.1b 15.3 ± 3.7a 15.2 ± 3.6ab
Spinosad 0.5 ppm 21.1 ± 5.4a 6.7 ± 2.1b 6.4 ± 1.8b
Methoprene 1 ppm 5.6 ± 2.9b 0.0 ± 0.0b 18.9 ± 5.2ab
Methoprene 5 ppm 7.8 ± 3.2b 0.0 ± 0.0b 20.1 ± 2.8a
Spinosad 0.1 ppm ? methoprene 1 ppm 12.2 ± 2.2ab 1.4 ± 0.8b 18.6 ± 1.9ab
Spinosad 0.1 ppm ? methoprene 5 ppm 4.5 ± 2.4b 0.8 ± 0.4b 16.1 ± 1.7ab
Spinosad 0.5 ppm ? methoprene 1 ppm 8.9 ± 3.1ab 0.1 ± 0.1b 10.3 ± 2.8ab
Spinosad 0.5 ppm ? methoprene 5 ppm 5.6 ± 2.4b 0.1 ± 0.1b 8.1 ± 1.4ab
Within each column, means followed by the same letter are not significantly different; in all cases df = 8, 72, Tukey-Kramer (HSD) test at P \ 0.05 were produced in untreated wheat. Oryzaephilus surinamensis also does not develop well on whole-kernel wheat. Nayak et al. (2005) evaluated spinosad against four psocid species, L. bostrychophila, L. decolor (Pearman), L. entomophila (Enderlein), and L. paeta Pearman on wheat, and found that 1 ppm was effective against L. entomophila, but not against the other species. Athanassiou et al. (2009) reported mortality for L. entomophila after 14 days of exposure in wheat, rice, and maize treated with 1 ppm spinosad of 76, 46, and 76%, respectively. In the same study, the authors noted that complete mortality and progeny production suppression was achieved by the application of chlorpyriphos-methyl with deltamethrin. Similarly, Nayak and Daglish (2007) found that the combination of chlorpyriphos-methyl with spinosad was effective against four Liposcelis species. Nevertheless, reduced rates of spinosad may assist resistance development by the exposed individuals; hence, these rates are not recommended in the case of the application of spinosad alone. On the other hand, the simultaneous use of spinosad with an organophosphorous insecticide, may provide a complementary effect (Nayak and Daglish 2007; Daglish 2008) . Methoprene was ineffective against L. bostrychophila, L. entomophila, and L. paeta, and a survey of field populations of L. bostrychophila and L. entomophila indicated that this tolerance occurs naturally and it is not related to resistance (Nayak et al. 1998 ). In our experiments, methoprene reduced adult progeny production in comparison with the application of spinosad alone, but numbers of progeny nymphs were comparable to those in the untreated wheat. This may indicate that although reproduction and oviposition of L. bostrychophila were not affected by the presence of methoprene, a delay in immature development and disruption in metamorphosis could occur. Additional investigation with longer exposure intervals is needed to examine lethal and sub-lethal effects when L. bostrychophila nymphs are exposed to methoprene.
In conclusion, the specific combinations of spinosad and methoprene evaluated in our study would have no benefit over spinosad used alone for control of any of the six species tested. Spinosad did not provide adequate control of S. oryzae, O. surinamensis, or L. bostrychophila, so it may be advisable to further evaluate combinations of spinosad with another insecticide that is suitable for control of these three species. Spinosad has the advantage of being one of the few insecticides registered for stored grain that is suitable for control of R. dominica, the most important insect pest of wheat.
